Abstract In this study, a set of nitrogen-doped TiO 2 -based nanomaterials demonstrating photocatalytic activity was developed by combining the efforts of lattice doping and metal nanoparticle decoration and tested for photo-degradation of methylene blue dye by applying solar simulator irradiation. The surface potential shifts of these TiO 2 -based photocatalytic nanomaterials measured by Kelvin probe force microscope have been used to study the degree of electron generation of the photocatalysts after irradiation and were well correlated with the photocatalytic activity. The nitrogen-doped TiO 2 nanowires decorated with Pt nanoparticles can induce obvious electron accumulation and result in a large shift of surface potential. The analysis shows a clear correlation between the surface potential shift and the photodegradation activity. Furthermore, a thorough comparative photocatalytic activity study combined with X-ray photoelectron spectroscopy analysis of the materials-doped with nitrogen under various conditions-reveals that the photocatalytic efficiency of the catalysts is maintained even if the lattice doping is leached e.g., by thermal treatments after doping.
Introduction
Kelvin probe force microscopy (KPFM) technique adopts a non-contact tip with a conductive coating to measure the potential difference between the tip and the adjacent surface Glatzel et al. 2002; Hoppe et al. 2005; Palermo et al. 2007; Wu et al. 2010 Wu et al. , 2013 . The surface potential relates to and has an effect on a number of different surface phenomena, including those of catalytic activity, doping/impurities/defects, band-bending at interfaces, polarization of surfaces, etc. Chiesa et al. 2005; Glatzel et al. 2008) . The assessed surface potential or work function map, with a resolution of a few nanometers produced by KPFM, gives useful information about the composition, surface charge distribution, and electronic states on the surface of a solid Liu and Li 2010; Zhang et al. 2013) . A great number of recent studies have utilized KPFM to obtain the simultaneous mapping of both structural and electronic properties of conjugated polymer-based photovoltaic materials. KPFM has been reported to be capable of obtaining quantitative mappings in a non-contact and non-destructive manner, rendering it attractive for the analysis of for instance organic materials (Palermo et al. 2006) . The technique was also to be found useful upon measuring the work function of thin heterostructures, thus enabling its engineering for catalytic applications (Bieletzki et al. 2010) . Furthermore, correlation between shifts in the surface potential (surface potential difference in the presence or absence of illumination) and the power conversion efficiency of polymer photovoltaic devices based on poly(3-hexylthiophene) (P3HT) and titanium dioxide nanorod (TiO 2 NR) hybrid bulk heterojunctions could also be assessed by KPFM (Wu et al. 2010 ). When applied in ultrahigh vacuum, a tenfold improvement of the spatial resolution may be achieved (Spadafora et al. 2010) . Just recently, our group demonstrated that KPFM can also be used to predict the photocatalytic activity of materials which could open up new avenues in the field of photocatalysis (Wu et al. 2013 ).
For some 40 years, TiO 2 and its enormous number of derivatives have been in the mainstream of studies related to photocatalysis (Sarkar et al. 2012) . The reasons are straightforward; the availability, affordability, good photocatalytic activity/ stability of TiO 2 , and its suitability for practical applications, e.g., in air and waste water purification, defogging and self-cleaning surfaces, hydrogen generation as well as an ingredient in hybrid polymers as well as dye-sensitized solar cells (Khan et al. 2002; Lee et al. 2012; Liao et al. 2012; Saif et al. 2012; Wu et al. 2011a, b) . The recent discoveries of large-scale hydrothermal synthesis of various types of titanate nanotubes and nanowires opened further possibilities for titania-related nanomaterials research, viz. the 1-dimensional titanates may be converted to self-similar TiO 2 -based nanowires (Horvath et al. 2007; Bamwenda et al. 1995; Wu et al. 2011a Wu et al. , 2012 . The titanate-to-titania conversion process is robust as it only requires process steps easily scalable and industrially applicable such as ion-exchange, calcination, doping, and surface decoration (Buso et al. 2007; Feist and Davies 1992; Lin et al. 2008; Qi et al. 2011; Wu et al. 2011a Wu et al. , 2012 .
Nitrogen doping of TiO 2 can somewhat decrease the band gap due to the introduced new states in the forbidden band (Asahi et al. 2001; Spadavecchia et al. 2012) . Moreover, when TiO 2 (being an n-type semiconductor) is brought in contact with other semiconducting (p-type) or metallic (large work function) nanoparticles, rectifying junctions evolve at the interface, which can contribute to an improved charge separation of the photo-generated electronhole pairs by disabling undesired electron-hole recombination (Linsebigler et al. 1995; Wu et al. 2011a) . Hence, efforts that combine lattice doping and metal nanoparticle decoration with the recent achievements of titanate/titania nanofiber synthesis attracted a lot of interest in order to develop novel and efficient photocatalyst materials (Wu et al. 2011a (Wu et al. , 2013 .
In the present study, a set of nitrogen-doped TiO 2 -based photocatalysts was studied. Titanate nanotubes and nanowires were synthesized by the hydrothermal method and subjected to a consequent annealing with ammonia or air and ammonia, to obtain N-doped TiO 2 nanowires (N-TiO 2 NWs). Optical absorption and the first-principle calculations were carried out to address the photocatalytic mechanism of TiO 2 with and without nitrogen doping. Afterward, the N-TiO 2 NWs were decorated with Pt nanoparticles by a wet impregnation process. Photo-assisted KPFM was used to detect the charge response on the surface of the asprepared photocatalysts, in the presence and absence of visible and UV-B light irradiation. Consequently, we found that the surface potential shifts of photocatalysts were closely correlated to their photocatalytic activity. On the other hand, we also investigated the role of N-doping in terms of the change of photocatalytic activity of TiO 2 nanoparticles and nanowires. A comprehensive set of experimental data on the correlation between Ti and N bond concentration assessed by X-ray photoelectron spectroscopy (XPS) and photocatalytic H 2 generation from ethanol:water mixtures was evaluated.
Experimental
Preparation of TiO 2 -based nanowires Sodium hydrogen titanate nanotubes (SHT NTs) were synthesized by the alkali hydrothermal process. In a typical synthesis, 50.0 g of TiO 2 powder (Anatase E 171, Kemira) was dispersed in a volume of 1.00 L of 10.0 M aqueous NaOH (Molar Chemical Ltd.) by continuous stirring for 2 h. The suspension was then treated in a revolving autoclave (with a volume of 1400 mL) at 130°C for 24 h. The obtained solid fraction of the dispersion was then rinsed with deionized water and 0.10 M HCl solution until the solution became nearly neutral and chloride ion free. N-TiO 2 nanowires (N-TiO 2 NWs) were synthesized by the calcination of SHT NTs at 600°C for 15 h in 2 % NH 3 (in N 2 buffer). Anchoring of Pt or Pd nanoparticles onto the surface of N-TiO 2 NWs was carried out by means of wet impregnation. In a typical process, 4.10 mg platinum (II) acetylacetonate (Aldrich, 99.99 %) or 5.80 mg palladium (II) acetylacetonate (Aldrich, 99 %) was dissolved in 40.0 mL acetone and mixed with 200.00 mg of N-TiO 2 by ultrasonic agitation for 3 h and conventional stirring for 6 h. After evaporating the solvents at *50°C under N 2 atmosphere, the samples were annealed in air at 300°C for 2 h to decompose the metal complexes, and then reduced in 15 % H 2 (in Ar) flow at 500°C for 4 h. Finally, N-TiO 2 -Pd nanowires and N-TiO 2 -Pt nanowires with *1.0 wt% nominal metal load were obtained.
To study the effect of nitrogen leaching on the photocatalytic performance of the N-doped photocatalyst samples, nanowires of TiO 2 and their derivatives were synthesized from titanate nanowires. The main difference in the preparation was the temperature of hydrothermal synthesis (175°C instead of 130°C), otherwise the doping and decoration steps were following similar procedures as described above for the nanowires made from titanate nanotubes.
Characterization of TiO 2 nanowires
The photocatalytic activity of SHT NTs, N-TiO 2 NWs, N-TiO 2 -Pd NWs, N-TiO 2 -Pt NWs, and the reference-commercial TiO 2 nanoparticles (*25 nm, Aldrich) were tested in the degradation of methylene blue, which is a commonly used model reaction in photocatalysis. In a typical experiment, 20.0 mg of catalyst was sonicated for 2 min in 50 ml methylene blue (Acros) aqueous solution having concentration of 10 mg/L. The suspension was irradiated with solar simulator (Newport 92193, 100 mW/cm 2 ) under vigorous stirring, at ambient conditions. Before the actual photodegradation experiments, the suspensions were left to relax for 10 min in order to minimize the error of the dye concentration measurements caused by initial surface adsorption. After centrifuging for 15 min at 5000 rpm, the absorption spectrum of the retained methylene blue and its derivatives in the supernatant was recorded (Absorption Spectrophotometer, Lambda 35, Perkin-Elmer) in the 300-900 nm wavelength range. The concentrations of the methylene blue were calculated from the absorbance at k = 662 nm extrapolated to a previously plotted calibration curve. The microstructures of the photocatalysts were studied by transmission electron microscopy (EFTEM, LEO 912 OMEGA, 120 kV) as well as by X-ray diffraction (XRD, Siemens D5000 and Philips PW 1380, both using Cu Ka radiation).
Photo-Kelvin probe force microscopy measurement Surface potential mapping was measured by a Kelvin probe force microscopy (Digital Instruments, Nanoscope III), at room temperature. Conductive tips were used to obtain the surface potential data. A cantilever of n-type silicon (Nanosensors) with an average force constant of *2.8 N/m (resonance frequency of *75 kHz) was coated with chromium and a Pt-Ir5 alloy. The TiO 2 -based catalysts were dispersed in ethanol solution and dropped on a gold surface of 100 nm thickness (coated on a silicon wafer). After drying, a line scan in tapping mode AFM was applied to acquire topographic data and then, along the same line, another scan was performed but with the tip lifted to a distance of 20 nm from the surface while a voltage V DC was applied at the tip to compensate for the electrostatic oscillations. The as-measured surface potential map of the TiO 2 catalysts was assessed in dark and also under the illumination of either a halogen lamp (Royal Philips Electronics, 139, 50 W) or a UV-B lamp (Sankyo Denki, G8T5E, 8 W) . From here on, the differences in the surface potential measured in dark versus light conditions (SP dark -SP light ) are referred as the surface potential shift (SP shift).
Computational simulation DFT computational simulation analysis was performed with Perdew-Burke-Ernzerhof functional implemented in generalized gradient approximation (GGA) and in CASTEP (Cambridge Serial Total Energy Package) that applies plane waves to expand the electron wave function. In the calculations for band gap, the density of states (DOS), and absorption spectrum, a (2 9 3 9 1) supercell with nitrogen and platinum impurities is considered (norm-conserving pseudopotential, energy cut-off of 450.0 eV, and k-point set of 1 9 19 2).
Results and discussion
Structure and composition of the photocatalyst synthesized from titanate nanotubes Sodium hydrogen titanate nanotubes (SHT NTs) were synthesized by means of an alkali-mediated hydrothermal process. The length of SHT NTs obtained was up to several hundreds of nanometers with an inner diameter of *5 nm and outer diameter of *10 nm (Fig. 1a) . After calcination at 600°C for 12 h under ammonia flow, N-TiO 2 NWs (nanowires) with rough surface were obtained (Fig. 1b) . Despite the acid treatment applied before the calcination, the product N-TiO 2 NWs still contained *12.3 at.% of sodium as measured by XPS. TEM images of N-TiO 2 NWs decorated with Pd nanoparticles (N-TiO 2 -Pd NWs) and Pt nanoparticles (N-TiO 2 -Pt NWs) are shown in Fig. 1c, d respectively. Based on the TEM analysis, the Pd-and Pt-nanoparticles are distributed homogeneously all over the surface of TiO 2 nanofibers and show uniform size distributions with an average particle diameters of 3.5 nm ± 1.4 and 2.5 nm ± 0.5 nm, respectively.
According to our previous studies (Wu et al. 2011a , calcination at 600°C results in the formation of anatase phase only. The intensity of reflections increases with temperature, indicating better ordering of the lattice. However, at temperatures above 600°C, formation of the catalytically less active rutile phase is initiated, as shown by the appearance of its (110) According to XPS analysis summarized in Table 1  and in Fig. 3 , respectively, N-TiO 2 NWs show a new component in the N 1s peak at 395.9 eV that can be assigned to the formation of Ti-N bond, i.e., substitutional N in the lattice (Wang et al. 2009 ). The other components with higher binding energies around *398.4 and *400.1 eV correspond to interstitial N and the decomposed products of NH 3 molecules, respectively. The Pd 3d 5/2 component at 336.7 eV shows the presence of Pd 2? (17 % of the total Pd amount), due to partially oxidized metal particles emerging on the surface of N-TiO 2 -Pd NWs. Both Pt and Pd have lower binding energies of metallic state than that reported in XPS database (Pt 4f 7/2 : 71.2 eV, Pd 3d 5/2 : 335.1 eV) which can be assigned to the size effect or the increased electron density on the metal The normalized absorption spectra of TiO 2 NPs, SHT NTs, N-TiO 2 NWs, N-TiO 2 -Pd NWs, and NTiO 2 -Pt NWs are shown in Fig. 4 . The comparison result of the absorption spectra of these photocatalysts shows the evidence of higher absorptivity in the visible region for the photocatalysts with nitrogen doping and/or metal nanoparticles decoration.
The projected DOS (calculated by GGA-PBE functional implemented in CASTEP) for pristine TiO 2 and N-TiO 2 (Fig. 5) demonstrates that the doped nitrogen mainly contributes to the states near valence band edge (*0 eV) and narrows the band gap (Wang et al. 2009 ).
The photocatalytic activity of the commercial TiO 2 nanopaticles (TiO 2 NPs), sodium hydrogen titanate nanotubes (SHT NTs), N-TiO 2 nanowires (N-TiO 2 NWs), N-TiO 2 -Pd nanowires (N-TiO 2 -Pd NWs), and N-TiO 2 -Pt nanowires (N-TiO 2 -Pt NWs) were evaluated in a solar simulator utilizing the lightinduced photodegradation of methylene blue in aqueous solution. The UV-Vis spectra of methylene blue as a function of visible light irradiation time were recorded, and from the absorbance measured at k = 662 nm, the methylene blue concentration was calculated using a calibration curve measured previously. TiO 2 -catalyzed photodegradation of different dyes essentially follows the first-order LangmuirHinshelwood kinetics as ln(c 0 /c) = kt, where c and c 0 are the concentration of the dye at time t and t = 0, and k is the reaction rate constant (Katti et al. 2009; Wu et al. 2011a ). As expected, our experimental data also obey this kinetics (Fig. 6) . The rate constant of the reaction on SHT NTs shows the smallest value of *0.0036 min -1 . For the sake of comparison, the corresponding rate constant obtained for the reference material, commercial TiO 2 NPs, is in the range of *0.0259 min -1 . An addition of Pd-and Pt-cocatalyst particles significantly increased the observed value of the rate constant, i.e., from 0.0099 min -1 of N-TiO 2 NWs to 0.0456 and 0.0499 min -1 of N-TiO 2 -Pd NWs and N-TiO 2 -Pt, respectively.
In this study, KPFM was also used to obtain the surface potential mapping of each photocatalyst in the presence and absence of illumination, including either visible or UV-B light similar to that studied earlier on TiO 2 nanowires synthesized from titania nanowires (Wu et al. 2013) . Each photocatalyst was drop-cast on a silicon substrate coated with a thin film of gold. The responses of the surface potential under visible light were weak, while significant variations of the surface potential under UV light were observed. The obtained surface potential mappings without (Fig. 7a-1, b-1 , c-1) and with ( Fig. 7a-2 , b-2 and c-2) 1-h UV-B illumination are shown in Fig. 7 . The insets of the surface potential mappings show the corresponding topographic images. The values of the surface potential across the white dotted line can be easily compared in case of the presence and absence of illumination as shown in Fig. 7a-3 , b-3, c-3 and Fig. 7a-4 , b-4, c-4, respectively. SHT NTs exhibit almost no change (smaller than 5 mV) while in the case of the N-TiO 2 NWs and N-TiO 2 -Pt NWs, considerable negative shifts of -10 and -40 mV, respectively, were observed. Note that the detected response reaches the stable surface potential after continuous illumination for 1 h. Consequently, this observation can be attributed to the inefficient carrier transport in the bulk TiO 2 aggregation. In other words, a single nanotube is about 10 nm in diameter, while the TiO 2 for KPFM investigation is nearly 200 nm in thickness; indicating that several tens of TiO 2 nanotubes are bundled together. Upon illumination, the excited free carriers are difficult to transport to the ground (Au substrate) across the boundaries between the nanotubes or nanowires. Therefore, the excited carriers gradually accumulate on the surfaces which can be detected by the KPFM tip. The negative shift for N-TiO 2 material (Fig. 7b) , is assumed to cause by band gap reduction induced by nitrogen doping; which may result in better light absorption efficiency and, consequently, to a larger potential shift in the KPFM measurements. Moreover, the obvious negative shift for N-TiO 2 -Pt NWs under UV excitation, compared to N-TiO 2 NWs, seems to correlate with greater efficiency in the photodecoloration reaction of methylene blue. The considerable negative shift of the surface potential indicates an efficient accumulation of electrons on the surface due to light excitation. Noble metals, such as Pt, Pd, and Au, decorated on TiO 2 -based materials have been found to enhance the activity of the photocatalyst due to the rectifying Schottky barrier formed at the interface between the metal nanoparticles and the TiO 2 photocatalysts. Therefore, N-TiO 2 -Pt NWs shows not only larger negative shift of surface potential, but also better photocatalytic activity. This relation could serve as an excellent guideline when the photocatalytic activity is determined using KPFM methodology. The effect of N-leaching on the catalytic performance Decoration of N-doped nanowires with metals (more accurately the subsequent high-temperature annealing) can result in a considerable decrease of the concentration of N-Ti bonds in the structure (Table 1) . In order to find out whether this phenomenon has any influence on the photocatalytic performance of the materials, we study a number of different N-doped TiO 2 materials (including nanowires and nanoparticles) with and without the decorating metals. According to XPS analysis, the degree of N-leaching depends very much on the synthesis conditions and structure of the starting materials. When the N-doped TiO 2 nanowires are obtained from titania nanotubes in a single-step annealing in NH 3 , the subsequent metal decoration step (that includes annealing in air and in H 2 gas) causes a drop of the Ti-N bond concentration (component at *396.0 eV) ( Table 1 ). In the case where the nanowires are synthesized from titanate nanowires (not nanotubes) by a direct annealing in NH 3 , we observed a similar decrease of the N:Ti ratio for the Ti-N bond (see supplementary information Table S1 ) after metal decoration. On the other hand, when N-doping was performed by annealing titania (not titanate) nanowires or nanoparticles in NH 3 , the substitutional nitrogen, i.e., the Ti-N bonds seems to disappear after metal decoration as peaks near 396 eV could not be resolved with our XPS instrument (see supplementary information Tables S1, S2 ; Fig. 8a, b . Despite the decreased concentration, or even elimination of Ti-N bonds, the catalyst materials still remain very active according to the performed model reaction (photocatalytic hydrogen generation from ethanol) shown in Fig. 8c . To elucidate the role of nitrogen (NP-Pd-N and NW-Pd-N) were studied. From the X-ray photoelectron spectra of the N 1s component it is clear that the sequence of metal decoration and nitrogen doping makes a significant difference for the composition of the material obtained: The samples that are doped first with nitrogen and then decorated with metal (i.e., NP-N-Pd and NW-N-Pd) loose the doping (missing peak of Ti-N at *396 eV), while the ones N-doped after metal decoration (i.e., NP-N-Pd and NW-N-Pd) are truly doped. Interestingly, the samples that lost their substitutional nitrogen (i.e., NP-NPd and NW-N-Pd) are still very active, even more than those that were doped after metal decoration.
The observed phenomenon is unexpected and the explanation for it is not entirely clear. We assume that the preserved hydrogen production capability in the case of N-doped and subsequently metal-decorated TiO 2 nanoparticles and nanowires can be attributed to the oxygen defects that are left behind after the cleavage of substituent nitrogen atoms from the lattice. An STM investigation showed that N-doped anatase subjected to an annealing step contains increased amounts of disordered oxygen-deficient areas and surface reconstructions (Batzill et al. 2006) . On the one hand, the enhanced catalytic efficiency observed can alternatively be explained by the substantial raise in the number of oxygen vacancy defects that function as active sites during the reaction (Fujino et al. 2001) . On the other hand, black-colored TiO 2 , with lattice disorders introduced by hydrogen doping, has been shown to exhibit significant increase in the photocatalytic hydrogen production that can be assigned to mid-gap electronic states, accompanied by a reduced band gap (Chen et al. 2011) . We believe that the reduction process applied during metal decoration may have induced further lattice disorders in the TiO 2 nanostructures, which are also manifested in a color change (graying) and elevated H 2 production efficiency. 
Conclusions
The surface potential shifts of the photocatalysts measured by photo-kelvin probe force microscope have been used to study the degree of electron generation of the photocatalysts after irradiation and can be well correlated with the photocatalytic performance based on methylene blue decoloration. Noble metals decorated on the TiO 2 -based catalysts were found to induce electron accumulation and result in larger shifts of the surface potential. Consequently, there is a clear correlation between the surface potential shift and their photocatalytic activity. The results of this study can serve not only as a useful guide for discovering new effective photocatalysts for the applications of photodegradation of dyes but also as a convenient analysis method for improving the photocatalytic performance of the materials prepared.
Although the positive effects of N-doping on the photocatalytic activity and on the increased surface potential shift are known and also supported by the data we reported here, we must note that the photocatalytic activity is not a direct function of the amount of substitutional nitrogen. As we have shown in this work, the samples seem to retain their activity even after high-temperature annealing and partial or complete loss of the substitutional N dopant, which indicate that defects may also play a significant role in the overall activity of TiO 2 -based photocatalyst materials.
